Lipid rafts are ordered membrane microdomains e n r i c h e d i n c h o l e s t e r o l , g l y c o l i p i d s a n d s a t u r a t e d phospholipids. Lipid rafts also assemble molecules involved in cell adhesion and signaling, and they are thus considered platforms for these phenomena. This has made the lipid raft topic a very active research field. However, a number of issues remain controversial in this research line. Advanced imaging studies have recently indicated that individual lipid/membrane rafts are of nanometer sizes. This suggests that rafts isolated from cells as low-density membrane fractions may rather represent "macrorafts" due to coalescence of individual rafts. Further controversy lies in the use of Triton X-100 in raft isolation, as the detergent may induce lipid microdomain formation. Investigators in the field are moving towards using milder non-ionic detergents or physical forces in raft isolation. Sperm-egg interaction is an ideal system to attest the implication of lipid rafts in cell adhesion/signaling. Recently, we have shown that Triton X-100 resistant membrane rafts of capacitated pig sperm have direct binding to pig zona pellucida (ZP) with a K d value much lower than that of noncapacitated sperm rafts-ZP binding. These results may partially explain the enhanced ZP binding ability of capacitated sperm, relative to non-capacitated sperm. Another possible contribution to the greater ZP binding ability of capacitated sperm is their possession of higher lipid raft levels despite a cholesterol efflux occurring during capacitation. Significantly, GM1 ganglioside, normally used as a raft marker of somatic cells, does not exist in capacitated sperm rafts. Rather, 70% of male germ cell specific sulfogalacotosylglycerolipid (SGG) is present in isolated capacitated sperm rafts, making it an attractive candidate as a sperm raft marker. Nonetheless, since sperm lipid rafts used in these studies were isolated by the Triton X-100 treatment method, work should be repeated using lipid rafts prepared from sperm by a physical force (e.g., nitrogen cavitation). Finally, advanced imaging studies " " K MINIREVIEW
should be performed with an appropriate sperm raft marker to determine whether individual sperm lipid raft microdomains are of nanometer sizes, like somatic cell rafts.
A. History and Current Views on Lipid/Membrane Rafts
The term "lipid rafts" was first used to explain specific sorting of ordered lipids such as cholesterol and glycosphingolipids to the apical plasma membrane of epithelial cells (1) . This lipid rafts concept, different from the Singer-Nicholson "fluid mosaic" model of the plasma membrane (2, 3) , describes the compartmentalization of "liquid-ordered" microdomains, due to the enrichment of cholesterol, from the surrounding fluid phase. In fact, these cholesterol-enriched, liquid-ordered microdomains exist naturally in invaginated caveolae and brush border membranes, thus supporting the concept of lipid rafts (4) (5) (6) (7) .
For the past 15 years, lipid rafts research has been a highly active topic; more than 2000 entries now emerge from a PUBMED search under the "lipid rafts" keyword. The use of a non-ionic detergent, Triton X-100 at low concentrations (0.5 to 1%) in the cold to isolate lipid rafts accelerated the progress of research in the field (8) . Due to a low buoyant density (attributed to a low protein/lipid weight ratio), the detergent resistant lipid rafts float as a light scattering band towards the top of a density gradient after ultracentrifugation. For a long while, the term "detergent resistant membranes" and "lipid rafts" were used synonymously. However, alternative methods involving the use of milder or no detergents (9-12) have since been described for isolating lipids rafts. Inevitably, differences in composition of rafts isolated by various methods have brought confusion to the field. Nonetheless, in all preparations, cholesterol, glycosphingolipids, sphingomyelin and ceramide are commonly found lipids (8, 13, 14) . In addition, a number of proteins that contain lipid moieties in the form of GPI anchors or acyl chains reside in the lipid rafts. These raft proteins are often associated with cell adhesion and signaling events (5,14 -16) and therefore, the significance of lipid rafts has been extended beyond the specific lipid/protein sorting phenomenon in polarized epithelial cells. The current general concept is that lipid rafts provide a platform for assembly and association of cell adhesion/signaling molecules, thus rendering the readiness for cell signaling events, usually set in motion by binding of an external ligand (13, 15, 17) . This concept has further attracted many more cell biologists/biochemists to study lipid rafts in relation to the cell functions. However, the excitement in the field appears to align with the confusion on the nature of lipid rafts as well as the detergent-related protocols used in their isolation.
Electron microscopy with spatial analyses (18) and other imaging studies (including photonic force microscopy, fluorescence resonance energy transfer, fluorescence ---quenching, fluorescence lifetime imaging microscopy, fluorescence recovery after photobleaching, fluorescence correlation spectroscopy and single particle tracking (4, 13, 18) ) that track the locale and movement of lipid raft components reveal that individual raft microdomains are of small sizes, ranging from 50 to 200 nm, that are highly dynamic in nature (4, 13, 16) . The latter property would lead to transient localization of individual raft microdomains within a nanometer-sized area. This raises the question of whether isolated lipid rafts actually represent their true properties on the cell membranes. These conflicts may be partially resolved by the explanation that the isolated lipid rafts are macrorafts stably formed by the coalescence of individual rafts. In fact, the concept of lipid raft coalescence and clustering has been put forth to explain the initiation of cell signaling events in vivo (15, 19) as well as polarized sorting of lipids and proteins to the apical membrane in epithelial cells (20) .
The use of Triton X-100 in lipid raft isolation has repeatedly raised the question of whether the isolated rafts are physiologically representative. Triton X-100 has been shown to induce ordered domain formation in model membranes of mixtures of sphingomyelin, cholesterol and glycerolphosphocholine (21) ; this result argues that lipid rafts isolated from cells may be artifacts. However, studies using model membranes should not be equated to lipid rafts, which contain proteins that may stabilize the raft structures. Previous studies reveal that lipid rafts isolated by Triton X-100 from a mixture of two populations of HeLa cells retained their original identity (14) . In this experiment, one HeLa cell population was labeled with deuterated leucine (LeuD3) and the other cultured in medium containing normal leucine and then treated with a cholesterol binding molecule to disrupt lipid raft microdomains. These two cultures were mixed, treated with Triton X-100 and subjected to sucrose density gradient ultracentrifugation. Significantly, the Triton X-100 resistant raft fractions contained only LeuD3-labeled proteins, a result arguing for the stability of lipid-protein interaction within the raft domains (14) . Nonetheless, the proof that the Triton X-100 isolated rafts represent the liquid-ordered domains in situ is not yet available. This concern has called for the use of milder detergents such as Lubrol ~ Tween < Brij 96 ~ Brij 98 < CHAPS ~ Triton X-100 (listed in the order of the detergent strength with Triton X-100 being the strongest) (9, 10) . Presumably, the Triton X-100-treated preparations yield the most ordered lipid raft core structure, whereas preparations using milder detergents will leave associated additional outer layers of the raft microdomains (9) . Therefore, lipid raft fractions prepared by Triton X-100 treatment can be used to reveal useful information on lipid and protein components of cellular membranes that are highly ordered and tightly associated with each other. However, the weight ratio of in vivo~~~ Triton X-100 to cellular proteins must be carefully titrated in order to obtain an optimum yield of low density detergent resistant membranes of reproducible composition (22, 23) and this value should first be determined for each cell/organelle system. Comparison of rafts isolated using milder detergents with the Triton X-100 isolated rafts would reveal components that are less tightly associated with the lipid raft domains. Finally, lipid rafts isolated without a detergent might be expected to possess more constituents, although it is difficult to equate the disruptive effects of the physical (e.g., sonication and nitrogen cavitation (11, 13) ) with those of the detergentbased methods. Nonetheless, from the report of the Keystone Symposium, held in March 2006, on lipid rafts and cell function (13) , it appears that investigators in the field are moving towards the raft isolation methods that avoid the use of a detergent.
The physiological state of lipid rafts was an important issue discussed at the 2006 Keystone Symposium. In this regard, cellular imaging of lipid rafts is a preferred route for further research in the field (13) . However, markers of lipid rafts are required for imaging work, and this poses the question as to the identity of the most valid marker. The unresolved dilemma is that the description of presently used raft markers, such as gangliosides, GM1 and GM3, caveolins and flotillins, came from the biochemical studies involving lipid raft isolations, a number of which utilized detergents. It may be argued that although isolated lipid rafts may not truly represent the cellular entities, they provide information on which molecules should be used as raft markers. For markers that are lipids, model membrane studies should confirm their ordered properties. Some specific questions such as their interaction with cholesterol should be asked in these studies (24) .
Concerned with the physiological properties and roles of lipid rafts, participants of the 2006 Keystone Symposium on lipid rafts coined a new name -membrane rafts. The explanation for the use of the new name is that rafts contain not only lipids but also proteins. The word, membrane, however, still connotes the significance of lipids in the formation of the raft microdomains. In this meeting, the definition of membrane rafts was specified as follows: "Membrane rafts are small (10-200 nm), heterogeneous, highly dynamic, steroland sphingolipid-enriched domains that compartmentalize cellular processes. Small rafts can sometimes be stabilized to form larger platforms through protein-protein and protein-lipid interactions." (13) .
B. Sperm Lipid Rafts and Glycolipids: Findings and Future Work
Although the physical and biochemical properties o f l i p i d / m e m b r a n e r a f t s a r e n o t c o m p l e t e l y c l e a r, acknowledgment of their physiological relevance as platforms for cell adhesion and signaling events remains unchallenged. The properties and roles of rafts have been well studied in a number of phenomena: interaction between antigen presenting cells and T lymphocytes, T lymphocyte activation and signaling, host-pathogen interaction, and endocytosis (17) . Significantly, sperm-egg interaction would be an ideal system to validate the concept that lipid/membrane rafts are platforms of cell adhesion/cell signaling. Yet, publications stemming from such studies are surprisingly limited. The limitation to collect and culture a large quantity of mammalian eggs is one of the reasons that hamper progress in this study. To date, studies on egg lipid rafts have been restricted to amphibians (frogs), from which a large number of eggs can be retrieved. Most of the frog egg raft work came from the group at Kobe University (Drs. K. Sato and Y. Fukami and colleagues). They have elegantly described the fertilization signaling events that are associated with egg rafts. They have reported that uroplakin (UP)III and Src tyrosine kinase were found in isolated frog egg rafts. These molecules are interrelated and are involved in fertilization signaling events. UPIII, exposed on the egg plasma membrane, interacts with sperm cathepsin B, leading to hydrolysis of UPIII as well as phosphorylation of itself and Src (25) (26) (27) . Phospholipase C gamma is then phosphorylated and the transient calcium release occurs, resulting in egg activation (28) . Notably, these signaling systems were viable in a cell free system containing lipid rafts, which were isolated as Triton X-100 resistant membranes. The lipid components of these egg lipid rafts have also been well characterized. Like rafts from somatic cells, egg lipid rafts are enriched in cholesterol and GM1 (27) . The results of this work have confirmed the significance of lipid rafts in cell adhesion and signaling, since the isolated lipid rafts were capable of interacting with the sperm extract in vitro and eliciting subsequent signaling events (29) .
Significantly more research has been carried out on sperm lipid rafts in both mammalian and sea urchin systems (Table 1) . This provides us an opportunity to comment on the progress and perspectives of the field. The majority of the published articles describe the properties of isolated sperm detergent-resistant membranes (DRMs). The ability to isolate these DRMs from sperm corroborates the previous freeze fracture electron microscopic results of Dan Friend (30) , describing elevated hexagonal particles (each with a diameter of ~20-30 nm) on the plasma membrane overlying the acrosome of mammalian sperm, which are likely to be more ordered than the surrounding plasma membrane. In other papers, lipid raft microdomains were studied microscopically using markers of somatic cell lipid rafts, such as GM1 and caveolin, assuming that these molecules are valid markers for sperm rafts. While this assumption was a convenient way -
Group Results

I. Tanphaichitr (23)
70% of sulfogalactosylglycerolipid (SGG) in capacitated pig sperm exists in low-density Triton X-100 resistant membranes, which contained a high content of cholesterol. The levels of DRMs isolated from fully capacitated sperm were higher than those from less capacitated gametes (as detected by A400). Capacitated sperm DRMs also possessed zona pellucida (ZP) binding ability with binding mechanisms similar to those between intact sperm and the ZP.
II. Jones (44)
Levels of low-density Triton X-100 resistant membranes from capacitated pig sperm were higher than those from non- V. Gadella (48) ZP/egg binding proteins (including spermadhesins, ADAM2 and preproacrosin) and sperm acrosomal protein (sp32 precursor)
were found in the low density Triton X-100 insoluble fractions.
VI. Baba (49)
A GPI-linked serine protease TESP5 (testisin) was present in the light density Triton X-100 insoluble fractions of mouse sperm. TESP5 is an acrosomal protein and may be involved in sperm penetration through the ZP layer.
VII. Myles (47)
The majority of PH-20 (with a GPI anchor) and ADAM1 (fertilin alpha) in sperm was in light density Triton X-100 insoluble fractions. A population of ADAM3 (cyritestin) and beta-1,4-galactosyltranferase (GALT) was also in these Triton X-100 resistant membrane rafts. However, ADAM2 (fertilin beta) was not in these raft fractions.
VIII. Travis and Kopf
Low density fractions were isolated from mouse sperm plasma membranes using Triton X-100 or no detergent (using sonication instead). Caveolin-1 existed in these low density fractions as well as the high density fractions in both isolation methods, although its distribution in the heavy density fractions was more in the no-detergent method.
IX. Thaler (57)
Caveolin-1 was present mainly in low density detergent insoluble fractions of Triton X-100 lysate of plasma membranes from capacitated mouse sperm, although its presence in medium and high density fractions was also documented. In contrast,
for Triton X-100 lysate of plasma membranes from non-capacitated sperm, caveolin was present only in medium density fractions. The results suggested the re-organization of sperm plasma membranes during capacitation indirect immunofluorescence for caveolin-1 and trp). Caveolin-1 was found to be mainly in the sperm tail and GM1 mainly in the head. GM1 localization did not change after capacitation, but after the acrosome reaction, there appeared GM1 in the tail as well as in the head. Trp1 was partially co-localized with caveolin-1, but trp1, trip3 and trp6 seemed to be segregated from GM1.
XIII. Johnson (60)
GM1 was used as a lipid raft marker. FITC-CTXB staining GM1 was found exclusively in the anterior head surface of acrosome reacted sperm together with CD55 (detected by immunofluorescence). CD55 is a GPI-linked protein, known as a cell adhesion molecule and a protector of cells against complement mediated damage.
XIV. Travis (32)
Localization of GM1 in mouse sperm was investigated in detail by fluorescence microscopy using Alexa-488 or Alexa-647 conjugated CTXB, as well as antiGM1 antibody and a fluorescent secondary antibody, to detect GM1. GM1 was assumed to be in the lipid raft microdomains, especially when it was co-localized with cholesterol, labeled with filipin, a fluorophore that binds cholesterol specifically. GM1 was segregated to the sperm plasma membrane overlying the acrosome. However, when sperm lose their motility, GM1 was relocalized to the postacrosomal plasma membrane.
Sea urchin sperm
Kitajima (34-36;61) Low density Triton X-100 insoluble fractions of sea urchin sperm contained unique gangliosides: (Neu5Ac) 2 GlcCer and its sulfate form, HSO 3 (Neu5Ac) 2 GlcCer. These isolated sperm rafts had a binding ability to SBP (sperm binding protein, 350 kDa), existing on the vitelline layer of sea urchin eggs. This binding was the basis of how sea urchin sperm interacted with the egg and was attributed to the inherent affinity of (Neu5Ac) 2 GlcCer and HSO 3 (Neu5Ac) 2 GlcCer for SBP. Isolated sea urchin sperm rafts also possessed a sialoglycoprotein with a diverse molecular mass of 40-80 kD and a glycan structure capped with HSO 3 (Neu5Ac) like that present in the two specific gangliosides mentioned above. In addition, a number of proteins involved in egg interaction and sperm signaling were found in sperm lipid rafts; these included REJ-1, adenyl cyclase, guanyl cyclase, speract receptor, GPI-linked protein, protein kinase A (PKA) and Gs protein.
Group
Results
to initiate the study, certain lipid properties and lipid-related phenomena in sperm and the male reproductive system (as summarized in Table 2 ) should have been first considered.
In this review, we will specifically discuss the following issues on sperm lipid rafts. First, what is the most suitable marker for sperm lipid rafts? Second, are the levels of sperm lipid rafts decreased during sperm capacitation, when efflux of cholesterol (a raft integral component) occurs? Third, are sperm lipid rafts involved in egg interaction and sperm signaling? Interlaced among the three issues is the question to which methods should be used for sperm lipid raft isolation.
Property/phenomenon Consideration/Question
Previous work on sperm lipid rafts + 1. Sperm contain a specific saturated sulfoglycolipid-sulfogalactosylglycerolipid (SGG, also known as seminolipid) at ~10 mol% of total lipids (37) . In contrast, the amounts of gangliosides (including GM1) are <1% (33) .
SGG should be considered as a sperm lipid raft marker. On the other hand, the use of GM1 as a sperm lipid raft marker should be done with caution. The detection of the very low level of GM1 on the sperm plasma membrane should be quality-controlled for specificity.
Tanphaichitr (23) and Figures 1 and 2; Travis (32); Cross (31); Darszon (50); Jones (44).
2.
Caveolin-1 is present on the sperm surface, although its localization (head or tail) is still controversial.
Can caveolin-1 be used as a sperm lipid raft marker?
Travis (62) 3 . M a m m a l i a n s p e r m , i n particular the mature population in the cauda epididymis and ejacultate, possess a substantial l e v e l o f p h o s p h o l i p i d s t h a t contain polyunsaturated fatty acids (PUFAs) (e.g., 22:6n-3 and 22:5n-6) (39).
P U FA s h a v e b e e n s h o w n t o dissociate lipid raft microdomains.
The levels of lipid rafts may be lower in mature sperm (63).
. C h o l e s t e r o l e f f l u x i s a phenomenon occurring during sperm capacitation (42;43)
Are sperm lipid rafts decreased during capacitation?
Tanphaichitr (23); Jones (44); Visconti (46).
. T h e f e r t i l i z i n g a b i l i t y o f c a p a c i t a t e d s p e r m i s f i r s t e v i d e n c e d b y t h e i r s p e c i f i c binding to the zona pellucida (ZP).
Are sperm lipid rafts involved in ZP binding?
Tanphaichitr (23) .
Table II. Lipid properties and lipid-related phenomena that would impact sperm lipid rafts studies.
+
Detailed results published by the listed investigators were described in Table 1 and/or in the text.
C.Markers for Sperm Lipid Rafts
GM1 is a well accepted raft marker in somatic cells (24) . It was therefore used in a number of imaging studies in sperm to locate membrane raft microdomains (Table 1 , rows XII, XIII and XIV). However, GM1 detection in the density gradient of Triton X-100 sperm lysates indicated that the ganglioside did not exist exclusively in the low density detergent insoluble fractions (31) . In fact, the majority of it was in the non-raft high density detergent soluble fractions. Although these observations have to be confirmed with the lipid raft isolation method that does not involve a detergent, the results obtained so far cast doubt on the validity of using GM1 as the sperm lipid raft marker. Further use of both GM1 and cholesterol to define raft domains on the sperm plasma membrane (32) might also not be reliable, since cholesterol would also exist in the non-raft domains. Furthermore, it should be noted that the levels of GM1 in mammalian sperm are <1% of total gamete lipids (33) . GM1 is also not present in sea urchin sperm (34) . Therefore, the labeling specificity of a very low level of GM1 on sperm by cholera toxin β subunit (CTXB) or antiGM1 antibody on the sperm surface must be validated. To date, extensive attempts to validate this have not been described. Hence, it is not surprising that conflicting data have been described by various groups on GM1 localization on the sperm surface as well as its relocalization after sperm capacitation (Table 1 , cf., Rows II, III, XII, XIII and IV).
In sea urchin sperm, (Neu5Ac) 2 GlcCer and its sulfate form, HSO 3 (Neu5Ac) 2 GlcCer, are the main gangliosides, which are enriched in isolated detergent resistant membrane rafts (34, 35) . Their involvement in egg binding via interaction with an egg protein, SBP (sperm binding protein), further accredits these gangliosides as lipid raft markers (36) ( Table 1) . In contrast, the major glycolipid in mammalian sperm is sulfogalactosylglycerolipid(SGG, also known as seminolipid), which exists at 10 mol% of total sperm lipids. The structure of SGG is conserved through all mammalian species; it consists of a glycerol backbone with galactose-3-sulfate at the sn-3 position and an alkyl and acyl chains (both 16:0) at the sn-1 and sn-2 positions, respectively (37) . Our accumulated Fourier transform infrared spectroscopy studies of SGG liposomes indicate that SGG is an ordered lipid with a T m of 45°C for the transition from the ordered lamellar crystalline phase to the disordered stage (38) . As expected, SGG interacts well with saturated phospholipids and cholesterol via van der Waalsʼ force (38, and our unpublished results). In contrast, a lateral phase separation was observed when SGG was mixed with a phospholipid containing a polyunsaturated fatty acyl (PUFA) chain (such as 22:6n-3, which is found predominantly in mammalian sperm (39, and our unpublished results). These biophysical properties of SGG corroborate our recent results of atomic force microscopy studies of model membranes.
T SGG has the propensity to exist in the liquid-ordered domains with cholesterol and saturated phospholipids, and not in the surrounding fluid phase of PUFA containing phospholipids (40) . Therefore, it is not surprising that our colorimetric assay and HPTLC analyses reveal that 70% of SGG in capacitated sperm exists in lipid rafts isolated as Triton X-100 resistant membranes, along with cholesterol and saturated phospholipids (23) . These findings are further confirmed by our immuno-dot-blotting results indicating that sperm raft fractions of the Triton X-100 lysate of pig capacitated sperm had the highest distribution of SGG (Fig. 1 ). Negative ion electrospray mass spectrometry (ESI-MS) of extracted lipids from these pooled raft fractions further validates that SGG is a raft component. Figure2 shows that the sperm raft fractions contain the signature spectrum of SGG (m/z 795.4) (panels D and C). Furthermore, negative ion MS/MS of the m/z 795.4 parent ion from the sperm lipid raft sample reveals essentially identical signals to those obtained from purified SGG ( Fig. 2F  and 2E ). Besides these biochemical characterizations, we have shown that the functional properties of isolated sperm rafts are partially dependent on SGG. We have demonstrated that detergent resistant lipid rafts of capacitated pig sperm have the ability to bind to the egg zona pellucida glycoproteins (ZP), and this binding ability is partially attributed to SGG affinity for the ZP (23, 41) . SGG is also present in plasma membrane vesicles of the sperm head anterior, isolated from live sperm by nitrogen cavitation. These anterior head plasma membrane vesicles (APMs) have a low density and would sperm Triton X-100 lysate was subjected to sucrose density gradient ultracentrifugation (23). One-ml fractions were then collected from the top (#1) to bottom (#12) of the tube and measured for their light scattering density at A400. Note the presence of detergent resistant membranes in fractions 4, 5 and 6. An aliquot of each fraction was dotted onto nitrocellulose membrane and probed for SGG using affinity purified antiSGG-IgG and horseradish peroxidase conjugated secondary antibody followed by chemiluminescence detection. Note the accumulation of SGG in the detergent resistant lipid raft fractions. be equivalent to lipid rafts isolated by the physical method (11) . These sperm APMs, like sperm lipid rafts isolated by the Triton X-100 treatment method, have ZP binding ability (23) . Considering all of the SGG properties described above, the tentative assignments of fragments formed during collisionally activated dissociation is shown on top. Authentic SGG was purified from pig testes as previously described (64) . Lipids from isolated Triton X-100 resistant membranes of capacitated pig sperm were prepared as described by Bou Khalil et al. (23) . All lipids were dissolved in chloroform/methanol (1/1, v/v) for MS analyses. A: Positive ion mass spectrum of the sperm lipid raft sample revealed an array of ions below m/z 800 with no significant signals detected above m/z 1000 (data not shown). B: Positive parent ion MS/MS (parents of m/z 184) analyses for phosphatidylcholine-containing components of the sperm lipid raft sample were accomplished by searching for the parents of m/z 184 in a tandem mass spectrometric experiment using collisionally activated dissociation (65) . The spectrum revealed one predominant signal at m/z 794.3 that corresponds to the m/z 794.6 signal seen in panel A. Although this can be tentatively assigned as a diradyl-sn-glycerophosphocholine molecular species (66) sulfoglycolipid appears to be the most suitable candidate as a capacitated mammalian sperm lipid raft marker.
D . C h a n g e s o f S p e r m L i p i d R a f t s A f t e r S p e r m Capacitation
Cholesterol efflux is the prerequisite process for sperm capacitation. In general, cholesterol is considered as a "plaque" lipid that endows rigidity to the membrane bilayers (24) , and its efflux during sperm capacitation would be beneficial in preparing the sperm plasma membrane for the fusion events during fertilization (42, 43) . These include the acrosome reaction (involving the fusion of the sperm head anterior plasma membrane with the outer acrosomal membrane) and the sperm-egg plasma membrane fusion (43) . Since cholesterol is an integral component of lipid rafts, it is reasonable to consider that the sperm membrane raft domains may be compromised following capacitation and that the overall organization of the sperm plasma membrane is altered. The latter argument is evidenced by relocalization of SGG and GM1 in live sperm after capacitation (23, 44) . SGG, GM1, as well as caveolin-1, in the detergent lysate of capacitated and non-capacitated sperm also distribute differently in the density gradient (23, 31) , thus confirming the altered architecture of the sperm plasma membrane during capacitation. However, with regard to the changes of lipid raft levels, two opposite results have been described. Studies from our laboratory and Roy Jonesʼ group indicate an increase in the levels of Triton X-100 insoluble lipid rafts in capacitated pig sperm, relative to those in non-capacitated sperm (23, 44) . The lipid composition of capacitated and non-capacitated sperm rafts, however, is similar to each other, consisting of SGG, cholesterol and saturated phospholipids, and the increase of the levels of membrane rafts in capacitated sperm has been shown to be due to the recruitment of more of these three lipid classes into the raft domains (23) . Fluorescence recovery after photobleaching (FRAP), using a fluorescent probe with a saturated acyl chain (5-(N-octadecanoyl)aminofluorescein (ODAF), which presumably incorporates into the lipid raft domains, reveals a decrease in the diffusion coefficient value and percent fluorescence recovery, thus confirming that there are more ordered membrane microdomains after capacitation (44). Since the levels of SGG and phospholipids do not change during capacitation (23) , their increased distribution in the raft domains can be readily understood. However, the capacitation-associated cholesterol efflux makes the observed results puzzling, considering that cholesterol is an integral component of lipid rafts. Here, we offer a proposed mechanism on how the levels of lipid rafts increase in capacitated sperm based on the following points. First, in non-capacitated sperm, the majority (~70%) of SGG and cholesterol exists in non-raft areas. They may interact with each other and also with saturated hydrocarbon chains of phospholipids. A significant number of these non-raft phospholipids likely contain a (poly)unsaturated fatty acid in the sn-2 position, thus endowing fluidity to the non-raft bilayers. We propose that the efflux of cholesterol during capacitation occurs in the non-raft fluid phase areas, allowing the pre-existing raft domains to remain intact. It should be noted that only ~50% of sperm cholesterol is released during capacitation. This release would lead to increased fluidity in the non-raft bilayers due to the further enrichment of unsaturated phospholipids. Concurrently, the activity of sperm scramblase is increased (42) , rendering lipids to reorganize and regroup with each other based on their inherent biochemical properties. SGG, cholesterol and saturated phospholipids are likely at this time to assemble to form new membrane raft domains. This explanation is pictorially presented as a model in our publication (23) . The results described by us and Roy Jones in capacitated sperm corroborate the findings in TRVb-1 (modified Chinese hamster ovary) cells. Cholesterol depletion in these cells leads to formation of larger ordered membrane microdomains (45) . The increased levels of ordered raft microdomains on the sperm head surface would be beneficial for the binding of sperm to the ZP as it would likely require certain stability of the sperm plasma membrane. In contrast, further enhancement of fluidity in the non-raft domains would facilitate the downstream acrosome reaction and the spermegg plasma membrane fusion.
In contrast to Roy Jonesʼ and our results, Visconti and colleagues did not visualize any light scattering low density in the density gradient of the Triton X-100 lysate of capacitated mouse sperm, and the authors argued that cholesterol efflux associated with capacitation led to the compromise of lipid raft formation (46) . However, we have noted that the weight ratio of Triton X-100 to sperm proteins used in this study was high, i.e., 0.6, compared with 0.2 used by us and Roy Jones in lipid raft isolation. Such a high ratio of Triton X-100 may have led to destruction or weakening of the interaction between cholesterol and saturated lipids in the liquid-ordered microdomains. Supporting this idea, our unpublished work indicates that low density Triton X-100 insoluble membranes exist in capacitated mouse sperm, when the weight ratio of Triton X-100 to sperm is kept at 0.2.
E. Lipid Rafts in Capacitated Sperm as Platforms For Egg Interaction And Sperm Signaling
As mentioned above, a raft lipid component, SGG, is a ZP adhesion molecule (23, 41) . Proteomic analyses reveal that a number of proteins known for their affinity for or association with the ZP are also present in isolated sperm lipid rafts, including PH-20 (46, 47) , basigin (46) , spermadhesins (48) , proacrosin (48) , TESP1 (46), TESP5 sn (49) and N-acetylglucosamine:beta-1,4-galactosyltranferase (47) . Proteins involved in egg plasma membrane interaction are also present in isolated sperm lipid rafts; these include ADAM1 (47), ADAM2 (48), ADAM3 (47), CRISP and Izumo (46) . Other proteins that may mediate sperm in interaction and penetration of the egg ZP are also found in isolated sperm rafts, including CD59 (blocking complement proteins to attack sperm) (31) and sp32 (interacting with proacrosin) (48) . In addition, sperm lipid rafts contain trp proteins involved in sperm signaling (50) . Raft lipid components, SGG and GM1, are also implicated in cell signaling (51, 52) . All of these results strongly suggest that lipid/membrane rafts of sperm, like those from somatic cells, are platforms for cell adhesion and signaling (13, 15, 17) .
Taking advantage of the ability to prepare pig sperm lipid rafts and pig ZP in quantity, we further demonstrated that sperm lipid rafts isolated as Triton X-100 resistant membranes have direct binding to solubilized ZP (23) . The mechanisms of this sperm lipid rafts-ZP binding process appear to be the same as those for intact sperm-ZP binding. First, capacitated sperm rafts bind to the ZP with a K d value lower than that of non-capacitated sperm rafts. Second, this binding is mainly dependent on ZPB, the known major player in pig sperm-ZP binding (23) . We have further shown that capacitated pig sperm APMs, which are equivalent to sperm head anterior lipid rafts isolated by physical force (see above), have ZP binding ability, and the sperm APM-ZP binding notably has the same K d value as that of ZP interaction with sperm lipid rafts isolated by Triton X-100. All of these results implicate lipid rafts as platforms on the sperm surface for ZP binding, and the enhanced ZP binding ability of capacitated sperm may be partly explained through the changes of their lipid rafts (i.e., the elevated levels of lipid rafts, which contain SGG and other ZP binding proteins, as well as the lower K d value of lipid rafts-ZP binding). These findings corroborate the concept that lipid/membrane rafts are the sites of adhesion and signaling on the cell surface (13, 15, 17) . Nonetheless, a series of questions on how rafts and their components regulate sperm capacitation remain to be answered. How does the majority of SGG, cholesterol and saturated phospholipids exist in nonraft domains in non-capacitated sperm and is this regulated by specific sperm surface proteins? How are ZP binding proteins recruited into lipid raft microdomains and is their distribution in lipid rafts increased proportionally to the elevated levels of lipid rafts in capacitated sperm? Considering that there are a number of ZP binding molecules on the sperm head surface, will their localization in the same raft domains facilitate their ability to work together in ZP interaction? Are the levels of sperm APMs increased in capacitated sperm, in the same manner as Triton X-100 resistant lipid rafts? trp K K K F. Perspectives Sperm-egg interaction is an ideal system for validating the concept of the involvement of lipid rafts in cell adhesion and signaling. Substantial progress has been made in this aspect of sperm lipid rafts research. All biochemical results are pointing towards the existence of ordered membrane raft domains and their significance in egg interaction. Nonetheless, like the rest of the lipid rafts field, confusion remains on whether sperm lipid rafts isolated from a sperm detergent lysate are artifacts. Characterization of major sperm raft lipid components followed by studies of biophysical properties of these lipids at model membrane levels may validate the existence of sperm lipid rafts in situ. Further confirmation of this existence should be obtained by using a physical force such as sonication and nitrogen cavitation to isolate sperm lipid rafts. These physical operations have in fact been employed in the field to isolate sperm plasma membrane vesicles (53) (54) (55) . Biophysical, biochemical and functional properties of these sperm membrane vesicles have to be performed to determine whether they have the same characteristics as defined for membrane/ lipid rafts and whether these characteristics are similar to those of detergent isolated lipid rafts. Finally, imaging studies that can detect membrane domains in situ at the nanometer levels (as described above) need to be performed, using a proper marker of gamete lipid rafts.
